A nested case-control study, including 830 cases and 992 controls from 7 cohorts, was conducted to evaluate the association of circulating 25-hydroxyvitamin D (25(OH)D), the best indicator of vitamin D status, with risk of endometrial cancer. Matching factors included age at blood donation, date of blood donation, and race. Conditional logistic regression was used in the main analysis. The median concentration of 25(OH)D was slightly lower in cases (49.4 nmol/L) than in controls (50.8 nmol/L) (P ¼ 0.08). However, there was no association between 25(OH)D concentration and disease risk, after adjustment for body mass index. Compared with the 50-<75 nmol/L 25(OH)D category, the body mass index-adjusted odds ratios and 95% confidence intervals were 1.08 (95% confidence interval: 0.73, 1.57) for the <25 nmol/L category and 0.90 (95% confidence interval: 0.51, 1.58) for the !100 nmol/L category (P trend ¼ 0.99). Similarly null results were observed after further adjustment for other known risk factors and in stratified analyses. Although an effect of circulating 25(OH)D at high concentrations cannot be ruled out (the highest category of 25(OH)D was !100 nmol/L, and for stratified analyses, !75 nmol/L), these results do not support a protective role of vitamin D against endometrial cancer. Endometrial cancer is the most common gynecologic cancer in the United States, ranking fourth among all cancers in women in age-adjusted incidence (1). The large international variation in incidence rates (2) suggests that much of the risk may be modifiable. Factors associated with high estrogen and low progesterone levels, such as estrogenonly hormone replacement therapy and obesity, have been shown to increase the risk of endometrial cancer (3). However, the role of other modifiable factors, such as diet and environmental exposures, has not been fully investigated.
Endometrial cancer is the most common gynecologic cancer in the United States, ranking fourth among all cancers in women in age-adjusted incidence (1) . The large international variation in incidence rates (2) suggests that much of the risk may be modifiable. Factors associated with high estrogen and low progesterone levels, such as estrogenonly hormone replacement therapy and obesity, have been shown to increase the risk of endometrial cancer (3) . However, the role of other modifiable factors, such as diet and environmental exposures, has not been fully investigated.
Limited data are available regarding the association of vitamin D with endometrial cancer risk. Exposure to ultraviolet B irradiation leads to induction of vitamin D precursor synthesis in the skin and is the main source of vitamin D in humans (4). Ecologic studies have described an inverse association between ultraviolet B irradiation and endometrial cancer incidence rates, suggesting a protective role of vitamin D against endometrial cancer (5, 6) . Diet (mostly through fortification) and supplements are also sources of vitamin D (4) . A recent review of the only 3 case-control studies that have examined the association between dietary intake of vitamin D and risk of endometrial cancer (7) (8) (9) concluded that the evidence available did not support an association but that it was too limited to draw firm conclusions (10) .
Conversion of 25-hydroxyvitamin D (25(OH)D) to 1,25-dihydroxyvitamin D (1,25(OH) 2 D)
, the active vitamin D metabolite, occurs in the endometrium (11, 12) , although the main site of conversion is the kidney (4) . In addition, endometrial tissue expresses the vitamin D receptor (12, 13) , a 1,25(OH) 2 D-activated nuclear transcription factor that regulates the production of proteins involved in cell proliferation and differentiation (14) . These data support the hypothesis that vitamin D plays a role in the etiology of endometrial cancer. 25(OH)D is considered the best indicator of vitamin D status, because it measures vitamin D resulting from both ultraviolet B exposure and dietary/ supplement intake and because it has a longer half-life (2-3 weeks) than 1,25(OH) 2 D (4-6 hours) (15) (16) (17) . Because no epidemiologic study to date has examined the hypothesis that circulating 25(OH)D is inversely related to risk of endometrial cancer, a case-control study nested within 6 cohorts in the United States and 1 in Shanghai, China, was conducted to examine this hypothesis as part of the Cohort Consortium Vitamin D Pooling Project of Rarer Cancers (VDPP).
MATERIALS AND METHODS

Study design and population
A detailed description of the overall methods of the VDPP and participating cohorts is provided elsewhere in this issue (18) . All VDPP cohorts that included women ( (18) .
Control selection was done by using incidence density sampling. Individually matched controls were selected from the parent cohort among women who were free of cancer at the date of diagnosis of the case (index date) and who had not had a hysterectomy at the index date (except for the CLUE cohort that did not collect data on hysterectomy). Matching factors included age at blood donation (61 year, except for CLUE and the Shanghai Women's Health Study (62 years)), date of blood donation (61 month, except for the NYU-WHS (63 months)), and race (white, black, Asian, other). All cohorts also matched on menopausal status at blood donation.
Out of the total of 843 cases initially identified, 11 were excluded because of ineligible histology and 2 because the date of diagnosis was before the date of blood donation. Thus, this analysis includes 830 cases and 992 controls (a 1:1 case:control ratio was used, except for the Nurses' Health Study, which used a 1:2 ratio). Histologic confirmation was obtained for 97% of the cases.
Measurement of circulating 25(OH)D
As reported elsewhere (18) , all serum or plasma samples were assayed for 25(OH)D at Heartland Assays, Inc. (Ames, Iowa) by a direct, competitive chemiluminescence immunoassay by using the DiaSorin LIAISON 25 OH Vitamin D TOTAL Assay (19, 20) . Quality control procedures are described (18) . The inter-and intrabatch coefficients of variation using masked National Institute of Standards and Technology samples were 12.7% and 9.3% for samples at level 1 (~60 nmol/L) and 13.6% and 11.0% for samples at 
Statistical analysis
The statistical analysis was conducted following the general approach and specific methods approved by the VDPP Steering Committee (18) . Aspects of the analysis specific to the endometrial cancer study are described here. For the main analysis, 25(OH)D concentrations were grouped in a priori defined, clinically relevant, categories (<25.0, 25.0-<37.5, 37.5-<50.0, 50.0-<75.0, 75.0-<100.0 and !100 nmol/L). The 50-<75 nmol/L category was used as the referent category. Because of the small number of subjects in the top category (!100 nmol/L), the two top categories were combined (!75 nmol/L) for stratified and subgroup analyses. Analyses were also conducted after classifying women into 25(OH)D quartiles using cohort-and season-specific cutpoints, with the lowest quartile as referent category. In these analyses, seasons were defined as winter (December to May) or summer (June to November). Circulating 25(OH)D was also analyzed as a natural logtransformed continuous variable.
The seasonal variations in concentrations of 25(OH)D were taken into account in various ways: 1) by matching on date of blood draw and taking the matching into consideration in the statistical analysis; 2) by conducting analyses on quartiles using season-specific cutpoints; and 3) by conducting analyses using residuals from regression of 25(OH)D on week of the year, in an attempt to take into account the gradual nature of changes in concentrations of 25(OH)D over the year better than by adjusting for season (18) .
The conditional logistic regression model was used for the main analysis to take into account the matched design. Because a comparison of conditional and unconditional logistic regression models using the full dataset showed that the odds ratios obtained by the two methods were nearly identical, stratified and subgroup analyses were conducted using the unconditional logistic regression model and adjusting for the matching factors (cohort, race, age (logtransformed) and season at blood draw). The use of unconditional logistic regression prevented loss of data in analyses stratifying by factors not used in the matching.
Data on potential confounders were collected from each cohort and standardized as described in (18) . For most variables, data collected at, or close to, blood donation were used. For oral contraceptive and hormone replacement therapy use, data up to the index date were used for the Nurses' Health Study and the NYU-WHS, whereas data collected at, or close to, blood donation were used for the other cohorts. Both conditional and unconditional logistic regression models based on the full dataset are presented adjusting for the following known endometrial cancer risk factors: education, menopausal status, age at menarche, parity, oral contraceptive use, hormone replacement therapy use, body mass index, smoking, history of high blood pressure, and history of diabetes. To assess which factors contributed to confounding, the change in the 25(OH)D regression coefficient in the conditional logistic regression model upon addition of each risk factor, one at a time, was examined. Because only body mass index changed the 25(OH)D coefficient by more than 10%, stratified/subgroup analyses are presented adjusting for this factor only. Analyses adjusting for body mass index on the continuous, log-transformed, scale led to odds ratios qualitatively similar to those of the analysis adjusting for body mass index as a categorical variable (<25, 25-<30, !30 kg/m 2 , missing), but resulted in a smaller sample size since subjects missing body mass index data were excluded from these analyses. Therefore, results are presented adjusting for body mass index as a categorical variable.
Analyses stratifying by known endometrial cancer risk factors were also conducted and possible effect modification of the 25(OH)D-endometrial cancer association by these factors was assessed by conducting interaction tests (18) . Because of the known biological interactions between vitamin D and calcium, we were also interested in conducting an analysis stratifying by calcium supplement use; however, because of the small number of calcium supplement users, we were only able to conduct an analysis among non users of calcium supplements. An analysis limited to whites was also conducted. Finally, an analysis excluding cases with ICD-O codes other than 8010, 8140, 8380, 8382 was conducted to assess a possible effect of vitamin D limited to endometrioid tumors.
A meta-analysis assuming a random effects model was conducted to assess between-cohort heterogeneity and to compute overall odds ratios for endometrial cancer associated with the low (<25 nmol/L) and high (!75 nmol/L) 25(OH)D categories, as compared to the 50-<75 nmol/L category (21) . Cohort-specific odds ratios were computed using the conditional logistic regression model and adjusting for body mass index. Heterogeneity of cohort-specific estimates was measured using the DerSimonian and Laird Q statistic (22) and data are presented as forest plots. Finally, to explore the influence of each cohort on our results, the main analysis (using conditional logistic regression and adjusting for all risk factors for endometrial cancer listed above) was repeated excluding one cohort at a time. Table 1 describes the number of cases and controls from each cohort and the median time between blood donation and diagnosis for the cases, which varied from 1.4 year (Multiethnic Cohort Study) to 10.7 years (NYU-WHS). Among controls, a two-fold variation in median 25(OH)D concentrations was seen across cohorts with the lowest median observed in Shanghai Women's Health Study (33.4 nmol/L) and the highest in the Cancer Prevention Study II Nutrition Cohort (63.5 nmol/L). Table 2 describes characteristics of the cases and controls. The median age at blood donation was 58 years and at diagnosis 64 years. Most subjects were white (79.2% of cases). Compared to controls, cases had younger age at menarche (P ¼ 0.02) and older age at menopause (P ¼ 0.09). Cases were also more likely than controls to be obese (P 0.0001), to be never smokers (P ¼ 0.04) and to have a history of high blood pressure (P ¼ 0.0005) or diabetes (P ¼ 0.003). Cases were less likely than controls to report oral contraceptive use (P ¼ 0.09). Overall, the median concentration of 25(OH)D was slightly lower in cases than in controls (49.4 nmol/L and 50.8 nmol/L, respectively, P ¼ 0.08), and the proportions of women with vitamin D concentrations less than 25 nmol/L or 37.5 nmol/L were slightly higher among cases than controls. Table 3 presents results using the conditional logistic regression model. In the crude analysis, there was some suggestion that lower concentrations (<25 nmol/L) were associated with a small increased risk of endometrial cancer compared with the referent category of 50-<75 nmol/L (odds ratio ¼ 1.20, 95% confidence interval (CI): 0.83, 1.72) and that higher concentrations (!100 nmol/L) were associated with a lower risk (odds ratio ¼ 0.78, 95% CI: 0.45, 1.34); however, the test for trend was not statistically significant (P ¼ 0.12). After adjusting for body mass index, odds ratios were attenuated, 1.08 (95% CI: 0.73, 1.57) for the <25 nmol/L 25(OH)D category and 0.90 (95% CI: 0.51, 1.58) for the !100 nmol/L 25(OH)D category, and there was no longer any evidence of a trend (P ¼ 0.99). As compared to the body mass index-adjusted odds ratios, odds ratios varied only slightly when adjusted for additional known endometrial cancer risk factors. Similarly, analyses using cohort-and season-specific quartiles, residuals, or logtransformed 25(OH)D showed no evidence of association with endometrial cancer risk after adjusting for body mass index (data not shown).
RESULTS
There was no evidence of an association between concentrations of circulating 25(OH)D and endometrial cancer risk in strata defined according to season of blood draw, age at diagnosis, lag-time between blood donation and diagnosis, body mass index, oral contraceptive use or hormone replacement therapy use (Table 4 ). There was no evidence of interaction for any of these factors, except hormone replacement therapy (P ¼ 0.04). However no consistent trend was observed in either users (P ¼ 0.24) or non users of hormone replacement therapy (P ¼ 0.36). No associations were observed when analyses were limited to women who did not use calcium supplements, white women, or women with endometrioid tumors.
No association between circulating 25(OH)D and endometrial cancer risk was observed in the meta-analysis (Figure 1 
DISCUSSION
Circulating concentrations of 25(OH)D were not associated with risk of endometrial cancer in this nested case-control study based on seven cohorts. Though there was some indication of a trend of decreasing risk with increasing concentrations of 25(OH)D in crude analyses, no trend was observed after adjusting for body mass index. Obesity plays an important role in endometrial cancer etiology because it is associated with increased exposure to estrogen unopposed by progesterone, leading to increased mitotic activity of endometrial cells and greater opportunity for the occurrence of DNA replication errors (3). Consistent with results from other studies (23, 24) , the prevalence of obesity was greater among cases than among controls ( Table 2 ). Body mass index was also inversely associated with 25(OH)D (cohort-adjusted Spearman correlation coefficient ¼ À0.16 in controls and À0.28 in cases), as was observed in the overall population of controls included in VDPP (25) ; this was expected since vitamin D tends to be sequestered in adipose tissue (26) . These associations led to negative confounding of the 25(OH)D -endometrial cancer risk relationship by body mass index. Such negative confounding, if ignored, will lead to a spurious association as was observed in our study prior to adjusting for body mass index.
This study is the first to examine the association of endometrial cancer risk with circulating 25(OH)D, which is considered the best marker of vitamin D status (15) (16) (17) . The results of this study are in agreement with a review of the literature on vitamin D intake in relation to endometrial cancer which concluded that the limited evidence available regarding vitamin D did not support an association (10) . These studies, though, did not take into account vitamin D obtained from ultraviolet B exposure. An ecological study of 107 countries reported that endometrial cancer incidence rates were higher at higher latitudes and concluded that low ultraviolet B irradiance, which is associated with lower vitamin D exposure, was associated with endometrial cancer risk (6) . However, although the authors adjusted for the proportion of the population who were overweight as well as for some other risk factors, the observed association could be due to ecological fallacy since control for body mass index and other risk factors at the individual level was not possible.
A strength of the present study was the availability of individual data, collected prospectively, on known risk factors for endometrial cancer. For most of these risk factors, differences between cases and controls were as expected. Hormone replacement therapy use, though, was less common in cases than in controls. This result appears inconsistent with the known positive association between estrogen-only replacement therapy and endometrial cancer risk. However, our study did not have the ability to assess the association of this variable with disease risk because most participating cohorts matched on use of hormone replacement therapy at entry. In addition, we were not able to distinguish between estrogen-only and estrogen plus progestin formulations, nor to take into account the recency of use, both factors which impact the association of hormone replacement therapy with endometrial cancer risk (23, (27) (28) (29) . 
Table continues
Because sun exposure is the main source of vitamin D, circulating concentrations of 25(OH)D are lower in the winter than in the summer months and it is important to take into account such variations to avoid bias (30) . In addition to matching on date of blood draw, this issue was addressed using various statistical methods. There (31, 32) . Although, to our knowledge, there are no data specific to the endometrium, it has been proposed, based on an animal model of breast cancer, that 1,25(OH) 2 D opposes estrogen-driven proliferation (33) . In this study, the test for interaction by hormone replacement therapy use was statistically significant (P for heterogeneity ¼ 0.04); however, there was no evidence of a protective effect of vitamin D in either ever or never users of hormone replacement therapy (Table 4 ). In addition, no association was observed between circulating 25(OH)D and risk of endometrioid endometrial cancer, a subtype strongly associated with estrogen (34) . Because of the data collection procedures of some of the cohorts and in order to have sufficient numbers of cases, non-endometrioid subtypes (mucinous, serous, clear cell, squamous-cell, mixed) were excluded in this analysis but adenocarcinomas nototherwise -specified (ICD-O codes 8140 and 8010) (n ¼ 462) were combined with endometrioid tumors (n ¼ 223). It is therefore likely that some tumors of non-endometrioid subtype were included. However, since endometrioid tumors represent about 80% of all endometrial carcinomas, it is unlikely that an association was missed in this subgroup. Because of small numbers, the association of 25(OH)D with other subtypes of endometrial cancer could not be examined.
The concentrations of circulating 25(OH)D observed in this study were similar to concentrations observed in women in the United States (35) . Few women, though, had high concentrations and the highest category that could be studied was was !100 nmol/L, and for stratified and subgroup analyses, !75 nmol/L. Therefore, conclusions cannot be drawn regarding the potential protective effect of higher concentrations of 25(OH)D. However, although a threshold effect is possible, the complete lack of a dose-response relationship in this study argues against a protective role of vitamin D.
Strengths of this study include the prospective assessment of vitamin D status and possible confounders, the inclusion of women living in a wide range of latitudes, a large number of cases and the use of the same laboratory to assay all samples. Only one serum/plasma sample was used for each participant which leads to some measurement error regarding the exposure of interest, i.e. the long-term average circulating level of 25(OH)D. However, circulating concentrations of 25(OH)D appear relatively stable when collected during the same season. A pilot study conducted in the NYU-WHS using the same assay in the same laboratory found an intraclass correlation coefficient of 0.78 (95% CI: 0.64, 0.88) in 30 healthy women who contributed three samples each at yearly intervals (unpublished data). Likewise, in the Nurses' Health Study, the intraclass correlation coefficient for 25(OH)D was 0.72 (95% CI: 0.62, 0.80) in 71 women over a 2-3 year period using a similar assay (unpublished data). These results are comparable to those observed in 144 middle-aged men for whom the Pearson correlation between samples collected 4 years apart was 0.70 (36) . Such temporal reliability compares favorably to model, adjusted for education (less than high school, completed high school, vocational school, some college, college graduate, graduate studies, missing), menopausal status (pre-, peri-, postmenopause, missing), age at menarche (<13, !13 years of age, missing), parity (0, 1, 2, 3, !4, missing), oral contraceptive use (never, ever, missing), HRT use (never, ever, missing), smoking (never, former, current, missing), history of high blood pressure (yes, no, missing), history of diabetes (yes, no, missing), and body mass index (<25, 25-<30, !30 kg/m 2 , missing). Odds ratios and 95% confidence intervals were derived from conditional logistic regression models adjusted for body mass index. The boxes show the odds ratios, the bars show the 95% confidence intervals, and the size of each box is inversely proportional to the variance of the log odds ratio estimate in each cohort. The overall estimates (diamonds) come from a meta-analysis with random-effects modeling. that of other biomarkers that have been found to be associated with disease, such as circulating estrogens (e.g., intraclass correlation coefficient in the 0.50-0.70 range for estradiol over a 2-3 year period (37, 38) ), which have been consistently found to be associated with breast cancer risk (39) .
In conclusion, after taking into account the effect of body mass index, circulating concentrations of 25(OH)D do not appear to be associated with risk of endometrial cancer.
